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h i g h l i g h t s
 Raman spectra of hair from cancer patients show some abnormality.
 Raman imaging provides more details by identifying patient hair micro-structures.
 Raman microspectroscopy and imaging of hair may be useful for cancer diagnosis.a r t i c l e i n f o
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In this work, Raman microspectroscopy and imaging was employed to analyze cancer patients’ hair tis-
sue. The comparison between the hair from rectum cancer patients and the hair from healthy people
reveals some remarkable differences, such as for the rectum cancer patients, there are more lipids but less
content of a-helix proteins in the hair medulla section. Though more statistic data are required to estab-
lish universary rules for practical and accurate diagnosis, this work based on case study demonstrates the
possibility of applying Raman microspectroscopy to reveal abnormality in non-cancer tissues such as hair
in order to predict and diagnose cancers.
 2013 The authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Raman spectroscopy is a powerful tool which has been widely
applied in biological and biomedical areas because it can provide
characteristic chemical and structural informations of measured
bio-samples, and it can be utilized to analyze bio-samples in a con-
venient and non-invasive fashion [1]. Especially, with the develop-
ment of Raman microspectroscopy and imaging technology,
nowadays it allows to analyze a bio-sample with both chemical
composition information and high spatial resolution. Recently,
with the encouraging progress in the innovative technology such
as optical biopsy, targeted techniques and surface-enhanced
Raman spectroscopy (SERS), a new trend emerges as to apply Ra-
man spectroscopy and imaging in medical diagnosis of diseases[2–4]. For example, Raman spectroscopy has been applied for diag-
nosis diseases on the molecular and cellular levels such as breast
cancer [3–6], bladder cancer [7,8], prostate cancer [9,10] and cervi-
cal cancer [11].
Cancer is the enemy of human health and millions of people die
of cancers each year. Currently, accurate cancer diagnosis mostly
depends on biopsy or histopathological examination which re-
quires to retrieve cancer tissue samples from patients’ bodies.
The sampling for biopsy is inconvenient and normally causes great
pains of patients. According to Chinese traditional medicine, how-
ever, human tissues such as hair and ﬁnger nails can reveal peo-
ple’s health conditions. In this sense, hair and ﬁnger nails may
also serve as the objects for disease prediction or diagnosis. Actu-
ally, some studies have already demonstrated the usefulness of
spectroscopy and imaging methods in some biomedical researches
and applications based on the analysis of the chemical composition
changes in personal hair [12–14]. Inspired by these studies, this
work attempted to identify certain cancer diseases by analyzing
some cancer patients’ hair based on the information obtained from
Raman microspectroscopy and imaging. The comparison between
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reveals some remarkable differences in the distribution of lipid and
protein in the cross-section of hair, suggesting that Raman micro-
spectroscopy and imaging of non-cancer tissues may also provide
an alternative quick and convenient tool to diagnosis of cancer
diseases.Fig. 1. (a) Raman spectra from the three sections which are normalized at 1450 cm1. I
cuticle) were chosen randomly for collecting spectra. (b) Comparison of the differences
I(2848 cm1)/I(2934 cm1) among three different parts of the normal hair.2. Experimental
2.1. Sample preparation
The patient hair was taken from four rectal cancer patients who
were hospitalized in the First Afﬁliated Hospital of Anhui Medicaln the hair cross-section, six different locations of each section (medulla, cortex and
for the intensity ratios for I(506 cm1)/I(1445 cm1), I(935 cm1)/I(1445 cm1), and
Table 1
Assignments of Raman bands of hair15–22.
Wavenumber
(cm1)
Vibrational assignments
506 S–S stretching (gauche–gauche–gauche)
524 S–S stretching (gauche–gauche–trans)
544 S–S stretching (trans–gauche–trans)
935 C–C skeletal stretching (a-helix)
1003 Phenylalanine, symmetric ring stretching
1080 C–C skeletal stretching of random conformation of
lipid
1030 Phenylalanine, C–H ring deformation
1125 C–C skeletal stretching of all-trans acyl chain of lipid
1243 Amide III protein random
1450 CH2 deformation (proteins, lipids)
1652 Amide I (a-helix)
1671 Amide I (b-sheet and random structures)
2848 Symmetric stretching vibration of CH2
2878 Asymmetric stretching vibration of CH2
2934 Symmetric stretching of the CH3 moiety
1125/1080 Ordered lipid distribution
2878/2934 Lipid/protein
ig. 3. (a) Single-point Raman spectral comparison between the cancer patients’
air and normal hair. (b) Spectral analysis for comparing the relative content a-
elix to b-sheet structures in three different regions of the hair from cancer
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lected and examined. The normal hair for comparison was ob-
tained from three healthy persons in our institute. All hair was
cut at 1 cm length from the root on the scalp. As melanin of the
black hair has strong absorption to the incident light, white hair
was chosen for Raman experiments.
The hair was washed with a 10% (w/w) sodium lauryl ether sul-
phate solution followed by distilled water rinsing about 30 s to re-
move any surface contamination and then dried in air. The hair
ﬁbers were then embedded in the OCT (Optical Cutting Tool),
and then immediately frozen in 22 C. The frozen tissue was
cross-cut by a microtome into 40 lm thick sections and was then
ﬂoated on the quartz plate for Raman measurements.
2.2. Raman microspectroscopy and imaging measurements
The Raman experiment was conducted using XploRA (HORI-
BA) Raman spectrometer which is equipped with four gratings
(namely, 600/mm, 1200/mm, 1800/mm and 2400/mm) and two
lasers (i.e., the 532 nm laser and the 785 nm laser). In this work,
the 600/mm grating and the 785 nm laser were employed. The
laser power was below 2.5 mW to avoid local sample heating.
The scanning platform was automatically controlled by the mo-
tor which has the minimal mechanical step 0.1 lm. For the Ra-
man imaging measurement, the scanning step in the X
direction was 1.5 lm and the step in the Y direction was
1.5 lm. The spectral resolution is ca. 4 cm1. For the scanning,
the Raman spectra were taken from single points in the cross-
sections of the hair ﬁbers.Fig. 2. Raman imaging of cross-section of the normal hair. Height of peak used as parame
of chemical composition increases. The imaging plots visually illustrate that the cuticle o
the medulla contains more lipid but less disulﬁde conformers.F
h
hter for chemical mapping. Color bar from the bottom to the top represents quantity
f normal hair contains more disulﬁde conformers but less a-helix structures, while
patients, and (c) spectral analysis for comparing the relative content of lipid in the
three sections of hair from cancer patients.
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ison, all the measured spectra were processed with baseline sub-
traction followed by intensity normalization at 1450 cm1. The
Raman signal from OCT around the hair ﬁber was weak enough
so that it could be ignored in spectral analysis. The Ramanmapping
plots were depicted using Origin program.3. Results and discussion
3.1. Establishment of reliable spectral analysis approach tesiﬁed by the
assessment of the normal hair from healthy people
First of all, it is required to establish the reliable method for
analyzing the hair spectral data correctly. For this purpose, the nor-
mal hair from healthy people was tested at ﬁrst and compared
with the results in the literature.
As already known, human hair is normally divided into three
different sections, i.e., cuticle, cortex and medulla [15]. Fig. 1a
shows the Raman spectra from the hair from normal healthy peo-
ple, with the measuring points taken from the three sections of
the hair and the spectra normalized at 1450 cm1 (assigned toFig. 4. Raman imaging of the hair from cancer patients in contrast with the the normal h
hair has less percentage of a-helix structures but more lipid than the cortex of hair.d(CH2) vibration) for comparison. The assignments of Raman
bands of hair [15–22] is given in Table 1. The histograms in
Fig. 1b illustrate the differences in chemical compositions for
three different sections. Obviously, the intensity of the band at
506 cm1 (S–S stretching vibration) decreases successively from
cuticle to medulla, conﬁrming that cuticle contains maximal con-
centration of disulﬁde conformers (because of more keratin in
cuticle). On the contrary, the intensity of the band at 935 cm1
(a-helix protein C–C skeleton stretching vibration [16]) in medul-
la is relatively higher, indicating that more a-helix structured
proteins are distributed in medulla. Also, the Amide I band in me-
dulla and cortex moves to lower wavenumber, verifying that
there are more a-helix proteins distributed in the cortex and me-
dulla regions. The medulla also has the higher intensity at
2878 cm1 (asymmetric stretching vibration of –CH2 from lipid
[15]), but lower intensity at 2934 cm1 (symmetric stretching
vibration of –CH3 from protein [15]), so the intensity ratio
I(2878 cm1)/I(2934 cm1) (lipid/protein) [15] is the largest in
medulla, indicating that the medulla contains higher concentra-
tion of lipid than cuticle and cortex. Moreover, the Amide I anal-
ysis [22] (as shown in Figs. S2 and S3 in Supplementary
Information) delivers the same information.air from healthy people. Overall, it shows that in the medulla of the cancer patients’
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illustrates the details of the chemical distribution with spatial res-
olution, further conﬁrming the above conclusions, i.e., the cuticle
contains more disulﬁde proteins but less a-helix structured pro-
teins than cortex and medulla, while the medulla contains higher
ratio of lipid to protein than other sections of the normal hair.
All these results are consistent with the literatures [15,16], con-
ﬁrming that our Raman measurements together with the analysis
approach are appropriate and reliable.
3.2. Comparison of the hair from rectum cancer patients with the hair
from normal people
Fig. 3 shows the comparison between the cancer patients’ hair
and the normal hair. In the cuticle, there is little difference for
the 506 cm1 band, suggesting that the growth of keratin in the
cuticle does not vary signiﬁcantly among different people. In the
cortex, the intensity at 1665 cm1 is weaker in the cancer case,
implying that the cancer patients’ hair may contain overall less
proteins. In the medulla, the intensity at 1665 cm1 are signiﬁ-
cantly greater, and the Amide I band moves to the higher fre-
quency, indicating that the medulla of the cancer patients’ may
have higher concentration of non-helical structures.
Further spectral comparison based on the analysis of Amide I
band (1652/1671 cm1) and lipid/protein band (2878/2934 cm1)
is given in Fig. 3b and c, illustrating the following results: (a) in
cuticle and cortex, the cancer patients’ hair has similar composi-
tion of a-helix proteins compared with normal hair; (b) the medul-
la of the cancer patients’ hair contains less a-helix but more b-
sheet/R (R denotes for random coiled structrure) structures; and
(c) the cancer patients’ hair contains higher concentration of lipid
in the medulla than normal hair.
Therefore, signiﬁcant differences exist mainly in the medulla re-
gion. In contrast with normal hair, the medulla in the cancer pa-
tients’ hair contains higher concentration of non-a-helix
structures but lower ratio of lipid to proteins. While the underlying
physiological reason is still elusive, this observation is similar to
the result obtained from FTIR-spectroscopy [23,24]. Obviously,
the rectal cancer disease affect the hair growth process
signiﬁcantly.
Fig. 4 shows the Raman imaging comparison between the hair
from the cancer patients and the hair from normal people. With
more detailed spatial information, it just conﬁrms the conclusion
as obtained from the analysis based on the single point spectra.
4. Conclusion and remarks
Based on Raman microspectroscopy and imaging, the difference
between the rectum cancer hair and normal hair has been identi-
ﬁed. While our Raman analysis of normal hair consists with the
previous work reported in the literature, the newly observed spec-
tral difference as revealed by comparison between the hair from
rectal cancer patients and the hair from healthy persons suggeststhat Raman microspectroscopy and imaging may be employed
for cancer diagnosis. For example, it shows that in the rectal cancer
patients’ hair, the medulla contains higher density of lipid but low-
er density of a-helix proteins. Although this study is still prelimin-
ary, it is however a ﬁrst demonstration for applying the method of
Raman microspectroscopy and imaging technique to analyze non-
cancer tissues such as human hair for possible and convenient
medical diagnosis of cancers.
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